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preventing	 local	 extirpations.	 Although	 the	 model	 is	 tailored	 for	 WNS,	 due	 to	
2484  |    Functional Ecology LILLEY Et aL.
1  | INTRODUC TION







assist	 in	 planning	 conservation	 measures	 in	 locations	 where	 the	





pressure	 affecting	 the	pathogen,	 and	 the	presence,	 heterogeneity	
and	 connectedness	 of	 environmental	 reservoirs	 in	 the	 landscape	
(Briggs,	 Knapp,	 &	 Vredenburg,	 2010;	 De	 Castro	 &	 Bolker,	 2005).	
As	a	result,	emerging	pathogens	display	a	variety	of	spatial	spread	
patterns	 due	 to	 differences	 in	 host	 ecology	 (Keeling	 et	al.,	 2001;	
LaDeau,	 Marra,	 Kilpatrick,	 &	 Calder,	 2008;	 Meentemeyer	 et	al.,	
2011;	Smith,	Lucey,	Waller,	Childs,	&	Real,	2002).
White-	nose	 syndrome	 (WNS)	 is	 a	 highly	 pathogenic	 disease	










with	 estimated	 mortalities	 exceeding	 5.7	million	 bats	 in	 infected	
caves,	has	generated	concern	over	the	local	extirpations	or	even	ex-
tinctions	of	common	bat	species	(Boyles	&	Brack,	2009;	Frick	et	al.,	
2015,	 2017;	 Thogmartin	 et	al.,	 2013).	 Understanding	 the	 mecha-




























ability	 of	 the	 pathogen	 to	 survive	 and	 propagate	 in	 hibernacula	
over	the	summer	even	 in	the	absence	of	the	host	adds	a	parallel	
transmission	pathway	in	addition	to	host-	to-	host	contacts	(Leach	
et	al.,	 2016;	 Raudabaugh	 &	Miller,	 2013).	 This	 can	 have	 import-
ant	consequences	on	disease	dynamics,	with	models	showing	that	
increased	environmental	 longevity	generally	facilitates	 increased	








Zhang	 et	al.,	 2014;	 Zhang,	 Chaturvedi,	 &	Chaturvedi,	 2015).	 For	
instance,	many	nonpathogenic	Pseudogymnoascus	species	appear	




clustering	 of	 hibernacula,	 (b)	 environmental	 conditions	 in	 hiber-
nacula	 and	 (c)	microbial	 competition	on	 the	 spread	of	 the	WNS.	
The	model	considers	the	spatial	distribution	of	hibernacula,	tem-
perature	conditions	in	both	the	outside	ambient	and	hibernaculum	
environment,	 bat	 population	 dynamics,	 dispersal	 and	 infection	
pressing	need	for	results	that	can	assist	 in	planning	conservation	measures,	these	
novel	results	can	be	broadly	applied	to	other	environmentally	transmitted	diseases.
K E Y W O R D S
Chiroptera,	dispersal,	landscape	structure,	opportunistic	pathogen,	outside-host	competition,	
White-nose	syndrome,	WNS
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to	 construct	 and	parameterize	our	model,	 focusing	on	data	pro-
duced on Myotis lucifugus,	one	of	the	most	heavily	affected	species	
(Frick	et	al.,	2010).	Previous	papers	modelling	the	spread	of	WNS	
have	 used	 either	 a	 U.S.-	county-	based	 approach	 (Maher	 et	al.,	






















for	 bats	 (or	 the	 density	 of	 bats	 in	 this	 case).	 These	 assumptions	
are	simplifications,	and	the	model	does	not	attempt	to	capture	all	
aspects	of	bat	behaviour.	That	 said,	 the	model	 captures	 relevant	




The	 population	 dynamics	 are	 modelled	 as	 differential	 equations,	
with	the	host	population	divided	into	susceptible	(S),	exposed	(E)	and	
infected	 (I)	 compartments	 (Figure	1),	 each	 containing	 active	 (sum-
mer)	and	hibernating	period	(winter)	compartments	(subscripts	a	and	
h,	 respectively).	 In	addition,	 the	model	 includes	the	environmental	
microbial	community,	which	contains	free-	living	Pd	(F)	and	compet-
ing	microbes	 (M).	 Please	 see	Table	1	 for	 key.	 The	dynamics	 in	 the	
system	are	described	as	follows:	
Due	 to	 their	 insect	diet,	bats	 switch	between	an	active	period	
and	 a	 hibernation	 period	 depending	 on	 the	 availability	 of	 prey,	
which	 is	 dependent	 on	 the	 temperature	 of	 the	 ambient	 environ-
ment	TA	 (Speakman	&	Rowland,	 1999).	Active	bats	 exhibit	 logistic	




exposed	 through	 contact	 with	 environmental,	 free-	living	 Pd fun-
gus	 (Lorch	 et	al.,	 2013)	 following	 a	 sigmoidal	 infectivity	 response	
(Anttila,	Laakso,	Kaitala,	&	Ruokolainen,	2015;	Anttila	et	al.,	2017):	
Parameters	ID50 and κ	indicate	the	pathogen	dose	at	which	half	
of	 the	hosts	become	 infected	and	 the	steepness	of	 the	 infectivity	
function,	respectively	(Langwig	et	al.,	2015).	The	utilization	of	a	sig-
moidal	 infectivity	 response	 incorporates	a	dose-	dependent	proba-
bility	of	infection	into	the	model	(Anttila	et	al.,	2017;	Regoes,	Ebert,	
&	Bonhoeffer,	2002).	This	prevents	infections	from	occurring	when	








sigmoidal	 response,	 direct	 transmission	 describes	 a	 frequency-	
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TABLE  1 The	parameter	values	and	ranges	used.	Parameter	values	for	the	models	have	been	estimated	using	the	referenced	
publications.	Parameter	values	with	no	starting	point	reference	available	were	estimated	by	model	fitting
Symbol Parameter name Unit Values Reference
rmax Bat	population	growth	rate 1/day 0.0052 Fenton	and	Barclay	(1980);	Reynolds	
et	al.	(2015)









βe Environmental	transmission 1/unitf 1/day 0.05 Reynolds	et	al.	(2015)
ID50 50%	infective	dose – 140 Langwig	et	al.	(2015)
κ Infectivity	steepness – 5 Estimated	by	model	fitting
δI Recovery	(infected	to	exposed) 1/day 0.15;	0.075 Ballmann	et	al.	(2017);	Carpenter	et	al.	
(2016);	Fuller	et	al.	(2012)
δE Recovery	(exposed	to	susceptible) 1/day 0.0;	0.075 Carpenter	et	al.	(2016);	Fuller	et	al.	(2012)
βd Direct	transmission 1/unitb 1/day 0.001 Frick	et	al.	(2015);	Langwig	et	al.	(2012,	
2015);	Lorch	et	al.	(2011)
ρ Direct	transmission	saturation 1/unitb 0.2 Frick	et	al.	(2015);	Langwig	et	al.	(2012,	
2015);	Lorch	et	al.	(2011)
cμ Hibernation	mortality	coef. – 0.01 Webb	et	al.	(1996)
c3 Hibernation	mortality	coef. – –1.0e- 4 Webb	et	al.	(1996)
c2 Hibernation	mortality	coef. – 8.3e–3 Webb	et	al.	(1996)
c1 Hibernation	mortality	coef. – –8.3e–2 Webb	et	al.	(1996)
c0 Hibernation	mortality	coef. – 0.35 Webb	et	al.	(1996)
σa→h Torpor	rate	half-	saturation unitb 8.0 Thomas,	Dorais,	and	Bergeron	(1990)
ka→h Torpor	rate	steepness – 10 Thomas	et	al.	(1990)
σh→a Arousal	rate	half-	saturation unitb 14.0 Thomas	et	al.	(1990)
kh→a Arousal	rate	steepness – 20 Thomas	et	al.	(1990)
φ Development	of	symptoms 1/day 0.01 Langwig	et	al.	(2015);	Lorch	et	al.	(2011);	
Warnecke	et	al.	(2012)
αf Disease	mortality 1/day 0.04 Frick	et	al.	(2010,	2017);	Lilley	et	al.	
(2017);	Warnecke	et	al.	(2012)
η Fungal	shed	rate 1/unitb 1/day 0.65 Reynolds	et	al.	(2015)
b1,f; b1,m Fungal/competitor	growth	coef. – 1.25 Wilson	et	al.	(2017);	Zhang	et	al.	(2014)














– 0.0; 0.5 Anttila	et	al.	(2013)
cmf Competition	strength,	community	
to	pathogen
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bats	clear	the	infection	during	the	active	season,	even	to	the	point	
where no Pd	is	detectable	on	the	bat	(Ballmann,	Torkelson,	Bohuski,	




the	 latter	 recovery	pattern	 is	presented	 in	Supporting	 Information	
Figure	S1.	The	free-	living	Pd	fungus	and	competing	microbes	grow	





Outside	 the	 hibernacula,	 the	 ambient	 temperature	 varies	with	
both	a	periodic	and	a	stochastic	component.	The	periodic	compo-
nent	 was	 generated	 as	 a	 sinusoidal	 wave	 4°C	x	(2π(t/365)),	 which	
was	added	to	a	stochastic	component	generated	as	autoregressive,	
both	 spatially	 and	 temporally	 correlated	 variation	with	 a	 standard	
deviation	of	4°C	(here,	t	indicates	time).	The	autoregressive	portion	
was	 generated	 as	Gaussian	noise	with	 spatial	 correlation	decreas-
ing	exponentially	with	distance	cor(T) = e−cdd,	where	cd	denotes	the	
decay	of	spatial	correlation.	One	random	number	was	generated	for	





(mean	 annual	 temperature	 in	 Albany,	 NY,	WNS-	point	 zero,	 www.










































γ Migration	decay 1/(10	kilometres) 1.25; 0.5–2.0 Norquay	et	al.	(2013)
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timal	 temperature	 (lowest	mortality)	 for	hibernation,	based	on	the	
literature	(Brack,	2007;	Hayman,	Pulliam,	Marshall,	Cryan,	&	Webb,	








competition	 between	 Pd	 (equation	1.7)	 and	 the	 overall	 microbial	












environment	 for	 each	 “population.”	Hibernaculum	 temperature	 af-
fects	microbial	growth	rates	as	follows:	


























follows	 a	 simple	 radial	 exponentially	 decaying	 probability	 per	
unit	 time.	 This	 yields	 the	migration	 probability	 density	 function	






normalized	 to	 unity	 between	 the	 destination	 hibernacula	within	
reach.	Because	of	a	maximum	dispersal	distance,	the	hibernacula	


















Given	 the	 characteristic	 temperature	 tolerances	 of	 the	 host	
and	 the	 pathogen,	 hibernacula	 temperatures	 across	 the	 land-
scape	 have	 an	 expected	 effect	 on	 disease	 invasion	 patterns.	
Increasing	the	mean	hibernaculum	temperature	[μ(TH)]	from	val-
ues	close	to	the	temperature	optima	of	the	host	 increases	envi-
ronmental	 growth	 of	 the	 pathogen	 (equation	6),	 which	 leads	 to	
steeply	increasing	pathogen	invasion	rate	and	disease	prevalence	
(Figure	2a).	 Similarly,	 increasing	 spatial	 heterogeneity	 in	 hiber-
naculum	 temperature	 [σ(TH)]	 also	 increases	 the	 rate	 of	 disease	
spread	 and	prevalence	 (Figure	2c).	 Increasing	 variability	 in	 local	
(5)h(TH) = c(c3T3H + c2T
2
H





2[1−eb4 (TH−b5)], 7 <TH> 15
0, otherwise
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conditions	creates	more	localities	that	favour	fungal	reproduction	
and	thus	act	as	disease	hubs.
Landscape	 structure	 also	 has	 a	 significant	 influence	 on	 the	 ex-
pected	 rate	 of	 disease	 spread.	 Pathogen	 invasion	 rate	 and	 disease	










Similar	 to	 the	 close	 association	 between	 invasion	 rate	 and	 disease	
prevalence	observed	under	varying	temperatures	(Figure	2a),	disease	
prevalence	 and	 invasion	 rate	monotonically	 increase	with	 reduced	
landscape	clustering	and	increasing	dispersal	scale	(Figure	2b).
Landscape	 properties	 can	 possibly	 predict	 disease	 spread	 and	
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likelihood	 of	 becoming	 infected,	 but	 while	 statistically	 significant	
(given	the	 large	sample	size,	n = 152603),	 the	expected	time	to	 in-
fection	is	only	slightly	increased	by	increasing	distance	(p < 0.0001,	
b = 0.088,	scaled	deviance	=	41243).	 Increasing	node	betweenness	
(sqrt-	transformed)	also	had	a	weak	positive	effect	on	invasion	time	
(p < 0.0001,	 b = 0.024,	 scaled	 deviance	=	668),	 whereas	 hub	 score	
was	 weakly	 negatively	 associated	 with	 invasion	 time	 (p = 0.0012,	
b =	–0.058,	scaled	deviance	=	11).
We	 also	 examined	 the	 effect	 of	 outside-	host	 competition	 on	











pathogen	 infection	 (Figure	3a).	 However,	 when	 concentrating	 on	












initiation	 of	 an	 epidemic	 requires	 less	 connected	 hibernacula	 and	
short	dispersal	distances	for	an	increase	in	pathogen	load.	However,	
high	 invasion	 rate	 and	 disease	 prevalence	 arise	 in	 homogeneous	






temperature	 across	 hibernacula	 affects	 disease	 invasion.	 Higher	
mean	temperature	increases	fungal	growth	rate	(Verant	et	al.,	2012),	
leading	 to	higher	disease	prevalence	 and	 faster	 invasion	 rate.	The	
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temperatures,	which	results	in	the	formation	of	disease	hotspots	in	
warmer	hibernacula,	facilitating	more	effective	spread	of	the	disease	










2008),	 local	 epidemics	 are	 unlikely	 to	 die	 out	 completely,	 due	 to	
the	 environmental	 reservoir	 of	 pathogens	 (but	 see	 Park,	 2012).	
However,	a	reappearing	prediction	from	such	models	is	that	patho-
gen	 persistence	 becomes	 more	 difficult	 if	 the	 host	 population	 is	
fragmented	 into	 smaller	 groups	 (Cross	 et	al.,	 2005;	 Leach	 et	al.,	
2016;	 Jesse,	 Mazzucco,	 Dieckmann,	 Heesterbeek,	 &	 Metz,	 2011;	
E.B.	Wilson	&	Worcester,	 1945).	 Disease	 invasion	 rate	 is	 reduced	
due	 to	 lower	disease	 transmission	 as	well	 as	 increased	number	of	
dispersal	events	required	for	pandemic	infection	(Cross	et	al.,	2005).	
Similarly,	 in	 our	 model,	 landscape	 clustering—effectively	 reducing	





local	 at	 low	movement	distances,	whereas	 infected	hosts	become	




dispersal	 distance	 especially	 in	 a	 highly	 homogeneous	 landscape.	
The	sharp	threshold,	modulated	by	landscape	clustering,	after	which	
invasion	rate	is	increased	by	threefold,	is	most	likely	due	to	the	sig-
moidal	 response	 to	pathogen	density—likely	 to	be	a	more	 realistic	
representation	of	disease	transmission	rate	than	the	commonly	as-





with	 long	dispersal	distance	 facilitating	 rapid	 invasion	of	 the	 land-
scape,	and	easy	reachability	of	neighbouring,	isolated	hibernacula.








tion,	pathogen	densities	will	 remain	below	 the	 infection	 threshold	
imposed	 by	 the	 infectivity	 function.	 In	 addition,	 if	 infected	 hosts	
do	not	migrate	far	from	the	founder	hibernaculum	(either	because	
the	 landscape	 is	 clustered	 or	 because	 dispersal	 distance	 is	 short),	
pathogen	load	is	more	likely	to	accumulate	even	despite	suboptimal	




















on	potential	dispersal	hubs	 in	 the	patch	network	might	be	a	 fruit-
ful	approach	for	better	understanding	disease	spread	(Saura,	Bodin,	
&	 Fortin,	 2014),	 especially	 if	 the	 locations	 of	 favourable	 disease	
hotspots	are	known.
Pathogens	with	 free-	living	 stages	may	 confront	 lengthy	 expo-
sure	 to	 environmental	 stress	 and	 competition	 before	 coming	 into	
contact	with	an	uninfected	host.	Antagonistic	interspecific	interac-
tions	can	therefore	decrease	the	density	of	pathogens,	reducing	the	









more	cold-	adapted.	Furthermore,	 if	 the	pathogen	 is	able	to	 invade	
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could	be	established	in	time	to	conserve	potentially	susceptible	bats	




available	 (Speakman	 &	 Rowland,	 1999).	 Environmental	 conditions	
and	basic	 pathogen	 traits	 alone	 appear	 to	 predict	 the	 infection	 risk	
well	 in	WNS.	The	model	 predicts	 that	 although	 the	 spread	of	Pd is 
influenced	by	 landscape	properties,	 it	will	 nevertheless	 infect	 all	 hi-
bernacula	 given	 enough	 time.	 However,	 mean	 temperatures	 at	 hi-
bernacula	 modulate	 infection	 risk,	 time	 to	 infection	 and	 the	 effect	
of	microbial	competition.	Our	results	and	the	associated	model	sen-











landscape,	may	 also	 be	 responsible	 for	 the	 relatively	 slow	 initiation	










the	survival	of	M. lucifugus	during	hibernation	in	the	absence	of	Pd by 
reducing	evaporative	water	 loss	 (Hayman	et	al.,	2016),	which	 is	why	
the	 species	 typically	use	hibernation	 sites	with	90%–100%	RH	 (but	
see	Davis,	1970;	Twente,	1955;	Webb,	1995).	Essentially,	RH	affects	




to	hibernate	at	 lower	RH,	such	as	Eptesicus fuscus	 (Klüg-	Baerwald	&	
Brigham,	 2017),	 or	 other	 species	 of	 bats	 often	 sharing	 hibernacula	
with	M. lucifugus,	 which	 may	 express	 different	 infection	 potentials	









ration	of	high-	quality	habitat,	which	were	optimal	 for	M. lucifugus 
hibernation	 prior	 to	 WNS,	 may	 enhance	 the	 spread	 and	 impact	
of Pd. In areas where Pd	 has	 become	 established	 and	 endemic,	
these	 hibernacula	 with	 suitable	 resources/climate	 may	 become	
metapopulation-	scale	 management	 traps:	 sites	 that	 are	 normally	




This	 is	 an	 example	 of	 an	 ecological	 trap	 that	 easily	 arises	 in	 spa-
tial	 landscapes	 with	 “hidden”	 threats	 (e.g.,	 Abrams,	 Ruokolainen,	
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